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Macrophages are considered of central importance in cell-to-cell transmission of human immunodeficiency virus (HIV)
infection in vivo. In this report, we describe a novel cell-to-cell transmission model using HIV-infected monocyte-derived
macrophages (MDMs) as donor cells and peripheral blood lymphocytes (PBLs) as recipients. Virus was transmitted during
a 2-h coincubation period from intracellular or tightly cell-associated viral stores in adherent infected MDMs to nonadherent
CD31 PBLs. Transmission required cell contact, but syncytia formation was not observed. HIV cell-to-cell transmission
occurred in both allogeneic and autologous systems, and replication was higher in phytohemagglutinin (PHA)-stimulated than
unstimulated recipient PBLs. In contrast, transmission of infection by cell-free virus was barely detectable without PHA
stimulation of recipients, suggesting the cell–cell interaction may have provided stimuli to recipient cells in the cell-to-cell
system. Viral DNA levels increased 5–24 h postmixing, and this increase was inhibited by pretreatment of cells with the
reverse transcription inhibitor azidothymidine, indicating de novo reverse transcription was involved. Cell-to-cell transmission
was more efficient than infection with cell-free virus released from donor MDMs, or 0.1 TCID50/cell cell-free viral challenge.
This model provides a system to further investigate the mechanisms and characteristics of HIV cell-to-cell transmission
between relevant primary cells that may be analogous to this important mode of virus spread in vivo. © 1999 Academic PressINTRODUCTION ences between laboratory-adapted cell lines and HIV
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ode of virus transmission and dissemination in vivo.
ell-to-cell viral transmission has been reported for
any different viruses, including human immunodefi-
iency virus (HIV), where there is continued viral replica-
ion and spread in the presence of neutralising antibody
nd low levels of circulating cell-free virus (Black and
elnick, 1955; Hooks et al., 1976; Gupta et al., 1989;
enovic et al., 1998). Possible roles and mechanisms of
ell-to-cell transmission of HIV have been proposed
Phillips, 1994), and several in vitro models involving T
ells (Li and Burrell, 1992; Sato et al., 1992), epithelia
Bourinbaiar and Phillips, 1991), and dendritic cells (Cam-
ron et al., 1992; Pope et al., 1994; Ayehunie et al., 1995)
ave been developed.
Models involving T cell lines have yielded valuable
nformation on the characteristics of viral transfer (Li et
l., 1992; Karageorgos et al., 1995). However, these stud-
es involve the formation of cytopathic syncytia between
onor and recipient cells. With the exception of some
egions of the nervous system and lymphoid tissue, syn-
ytia are not observed in HIV infection in vivo (Koenig et
l., 1986; Phillips, 1994; Frankel et al., 1996). Additionally,
he complexity of coreceptor use and observed differ-
1 To whom reprint requests should be addressed. Fax: 61-8-8222-
543. E-mail: jill.carr@imvs.sa.gov.au.319trains and primary cells and HIV isolates suggest that
rimary cell models are required to evaluate the in vivo
ituation.
Current dynamic models for HIV infection in vivo are
rimarily based on measurements of cell-free virus loads
n the patients’ plasma. These models attribute ,1% of
ell-free virus as being derived from infected macro-
hages and related long-lived cells (Wei et al., 1995; Ho
t al., 1995; Perelson et al., 1996, 1997). However, due to
heir function and location, antigen presenting cells,
uch as macrophages, dendritic cells, and Langerhans
ells, may be of central importance to cell-to-cell trans-
ission of virus, particularly in lymphoid tissues, the
ajor sites of HIV replication in vivo. After the vaginal
noculation of mice with macrophages or macrophage-
ssociated virus, cells and virus were found both locally
nd systemically (Cafruny and Bradley, 1996; Phillips et
l., 1998), whereas Hirsch et al. (1998) showed that a
imian immunodeficiency virus Vpx mutant, which does
ot productively infect macrophages, was not dissemi-
ated after intravenous or intrarectal inoculation, indicat-
ng the potential for macrophages to function as a source
f viral infection and systemic spread. The predomi-
ance of nonsyncytium inducing macrophage-tropic (M-
ropic) strains of HIV after initial transmission and early in
nfection in vivo also suggests that cells of the macro-
hage lineage may play a major role in the initiation and
arly spread of HIV infection (Zhu et al., 1993; Schuite-0042-6822/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
maker, 1994). Additionally, it has been suggested that
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320 CARR ET AL.nfected macrophages in lymphoid tissue may contribute
o the increased viremia in late-stage HIV disease (Oren-
tein et al., 1997). More recently, using selective deple-
ion of peripheral blood mononuclear cell (PBMC) sub-
ets, Alfano et al. (1999) demonstrated the importance of
D141 cells in enhancing viral replication in PBMC co-
ultures. Thus macrophages may be important “donor”
ells for HIV transmission in both early and late-stage
IV disease.
In cocultures of dendritic and T cells, the syncytia have
een shown to be active sites of HIV replication (Cam-
ron et al., 1992; Pope et al., 1994, Tsunetsugu-Yokota et
l., 1995). Langerhans cells are also efficient in transmit-
ing HIV to T cells (Ayehunie et al., 1995). Although their
ole in the cell-to-cell transmission of HIV has not been
s well investigated as that of T and dendritic cells,
ann et al. (1990) reported that primary monocyte-de-
ived macrophages (MDMs) are capable of transmitting
IV to autologous lymphocytes. St. Luce et al. (1993)
ave also shown viral transmission from chronically in-
ected cell lines to MDMs, and Crowe et al. (1990) have
emonstrated cell fusion between infected primary
DMs and T cell lines.
We have extended these studies to establish an in
itro model of cell-to-cell transmission from HIV-infected
DMs to peripheral blood lymphocytes (PBLs). Our
odel uses primary cells, a M-tropic HIV strain, does not
nduce syncytia or a cytopathic effect, and allows an
ndependent analysis of both adherent infected donor
nd nonadherent recipient cells after cell mixing. With
his cell-to-cell transmission model, we investigated the
inetics of viral transfer, the requirements for cell stimu-
ation and reverse transcription, and compared viral rep-
ication with that seen after cell-free viral challenge.
RESULTS
ell-to-cell viral transmission from HIV-infected
DMs to phytohemagglutinin-stimulated PBLs
Primary MDMs were infected with HIV, cultured for 21
ays, and examined by electron microscopy (EM). Few
ell surface-associated virions were present, but large
mounts of intracellular virus particles were found lo-
alised in vacuoles (Figs. 1A and 1B). As judged by EM,
he amount of surface-associated virus was unaffected
y washing and preincubation procedures used in the
ell-mixing protocol (described in Materials and Meth-
ds). EM examination of adherent, infected MDMs mixed
ith PBLs showed extensive regions of cell–cell contact
Fig. 1C), but no discrete localisation of viral particles or
nhanced viral budding at sites of cell-to-cell contact
as seen, in contrast to previous reports (Phillips, 1994;
ais et al., 1995).
Adherent, infected MDMs were then mixed with allo-
eneic, phytohemagglutinin (PHA)-stimulated PBLs and
iral antigen and DNA were assessed on day 7 postin-ection. Viral DNA (gag) was present, and viral protein
p24) released from cells mixed with HIV-infected MDMs
ut not with uninfected MDMs (Fig. 2). Greater than
0-fold lower levels of viral DNA and antigen were ob-
FIG. 1. Donor MDMs contain cell surface and internal HIV particles
nd interact with PBLs. MDMs were isolated, infected with HIV Bal, as
escribed in Materials and Methods, and maintained for 21 days
ostinfection. Infected MDMs or infected MDMs mixed with PBLs were
ixed and subjected to EM. (A) HIV-infected MDMs. (B) HIV in vacuoles
n MDMs. Arrows indicate virus particles seen at the cell surface and
n vacuoles. (C) HIV-infected MDMs mixed with uninfected PBLs. M
ndicates macrophage; P, PBLs.
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321CELL–CELL HIV TRANSMISSION FROM MACROPHAGEServed when PBLs were mixed with cell-free virus (se-
reted into the culture medium over 2 h by the same
umber of HIV-infected MDMs used as viral donors in
he cell-to-cell infection format) or “mock mixed controls,”
here PBLs were mixed with any possible donor cells/
ebris detaching from the plate (see Materials and Meth-
ds for details). No viral antigen or DNA was detected in
ecipient PBLs in control experiments performed in a
FIG. 2. Cell-to-cell viral transmission requires cell contact. MDMs
ere isolated, infected with HIV Bal, and mixed with uninfected PBLs,
s described in Materials and Methods. After coincubation, nonadher-
nt PBLs were removed, maintained for 7 days and analysed for viral
eplication. Cell mixing experiments were also performed with PBLs
ontained in the upper chamber of a 3-mm-pore transwell device (TW).
A) Supernatant antigen (p24). (B) DNA by PCR. 1 Indicates positive
ontrol; UN, uninfected MDMs; 2M, mock mixed control; CF, equivalent
ell-free challenge (for details of 2M and CF, see Materials and
ethods); M1 and M2, duplicate cell mixes; 2ve, PCR negative control
no DNA); and 1–4, PCR copy number controls (40,000, 4,000, 800, and
60 copies H3B DNA). Experiments were duplicated with cells from
ifferent blood donors.assage of cell-free virus (Fig. 2).
Minimal detachment of donor cells from the plate
uring mixing was observed by microscopy, and super-
atants taken from the preincubation and mix periods
ontained comparable levels of p24. These results sug-
est little contribution of infected donor cells to the non-
dherent fraction. However, to confirm that viral replica-
ion was in PBLs and not due to detaching donor MDMs,
he nonadherent cells were subjected to flow cytometry,
mmunofluoresence for HIV antigen, dynabead cell sort-
ng, and polymerase chain reaction (PCR) for viral DNA.
y flow cytometry, the cells were approximately 98%
D31 and negative for CD14 (data not shown). The per-
entage of nonadherent cells infected at day 3–5 post-
ixing varied between experiments (10–25%; mean, 15 6
.5%) as assessed by immunofluoresence or flow cytom-
try (viral p24 antigen). HIV p24 immunofluoresence pos-
tive cells were of PBL morphology. Viral DNA was
resent in CD31 cells selected by anti-CD3 dynabeads
data not shown).
These results indicate that cell-to-cell transmission of
iral infection occurred from HIV-infected MDMs to un-
nfected PBLs. This cell-to-cell viral transmission re-
uired direct cell contact and was more efficient than
IV infection by cell-free virus produced by the same
umber of viral donor cells in the 2-h coincubation pe-
iod.
iral transmission with or without stimulation of
ecipient cells
We next assessed whether viral transmission required
he stimulation of recipient cells, either through alloge-
eic interactions or prestimulation of recipients with mi-
ogen or cytokines. [3H]Thymidine incorporation assays
ere performed to confirm stimulation of recipient cells.
ell mixing was performed, as before, and viral p24 and
ag DNA were analysed on day 3 postmixing.
In an allogeneic system (mixed donor MDMs and
nrelated PBLs), cell-to-cell transmission of HIV was
bserved both with and without PHA prestimulation of
ecipient PBLs (Figs. 3 and 4A). Similar results were
btained in an autologous system using donor MDMs
nd recipient PBLs from the same individual (Figs. 3 and
B). In either system, prestimulation of recipient PBLs
ith interleukin-2 (IL-2) resulted in similar levels of viral
eplication as that seen with PHA stimulation (data not
hown). In all experiments, the level of viral replication
bserved was higher in PHA-stimulated than unstimu-
ated recipient cells. In either system, cell-free infection
as less efficient than cell-to-cell transmission and
arely detectable without PHA stimulation of recipients.
ecause resting T cells are reported not to support
roductive HIV replication (Stevenson et al., 1990; Zack
t al., 1990, 1992; Tang et al., 1995; Spina et al., 1995;
orin and Zack, 1998), it is possible that contact with
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322 CARR ET AL.nfected macrophages, even of autologous origin, may
ave produced sufficient activation stimuli for recipient
BLs to support HIV replication. To explore this, we
xamined rates of [3H]thymidine incorporation in recipi-
nt PBLs and found they were similar before and after
ell mixing (data not shown). However, given the rela-
ively low percentage of cells infected (10–25%), a
hange in activation in this subpopulation may not be
etected by the [3H]thymidine incorporation assay in the
otal cell sample and/or recipients may be activated
ithout proliferation.
Therefore, stimulation of recipient cells was not re-
uired for cell-to-cell virus transmission but was neces-
ary for cell-free infection, suggesting the cell–cell inter-
ction with donor macrophages may provide both infec-
ious virus and signals for efficient HIV replication in
ecipient cells.
inetics of viral DNA synthesis after cell-to-cell virus
ransmission
To investigate the kinetics of viral replication in this
ystem, the synthesis of HIV gag DNA in total cell lysates
as monitored for 3 days postmixing by PCR (Fig. 5).
amples were taken immediately after mixing (0h2), after
he 2-h coincubation (0h1), and 5, 24, and 72 h after
emoval of nonadherent cells. Samples taken at 0h2,
h1, and 5 h postmixing showed very low levels of viral
NA (Fig. 5B). Viral DNA levels were increased at 24 h
nd increased further at 72 h (Fig. 5). When the reverse
ranscriptase inhibitor azidothymidine (AZT) was added
o both donor and recipient cells 24 h before mixing and
hen maintained in the culture, the synthesis of viral DNA
as markedly suppressed (Fig. 6B). Some inhibition of
NA synthesis by AZT was observed even at early time
oints (0 and 5 h), suggesting viral reverse transcription
ission and HIV p24 release. MDMs were isolated from a mix of three
l. Infected cells were mixed with uninfected PBLs from an unrelated
and Methods. After coincubation nonadherent PBLs were removed,
) by ELISA. (A) 1PHA. (B) 2PHA. Captions are as described in Fig. 2.FIG. 4. Prestimulation of recipient PBLs is not required for cell-to-cell
ransmission and HIV DNA production. Cell mixing in allogeneic or
utologous systems were performed as described for Fig. 3. After
oincubation, nonadherent PBLs were removed, maintained for 3 days
ostmixing, and analysed for DNA by PCR. (A) Allogeneic system. (B)
utologous system. Captions are as described in Fig. 2. 1–4 Indicates
opy number controls, as described in Fig. 2. Results are from the same
xperiment shown in Fig. 3.FIG. 3. Prestimulation of recipient PBLs is not required for cell-to-cell transm
onors (allogeneic) or a single donor (autologous) and infected with HIV Ba
allogeneic) or the same (autologous) blood donor, as described in Materials
aintained for 3 days postmixing, and analysed for supernatant antigen (p24
xperiments were duplicated with cells from different blood donors.
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323CELL–CELL HIV TRANSMISSION FROM MACROPHAGESas already occurring at this time (Fig. 6B). Viral antigen
elease at day 3 postmixing was also inhibited by AZT
reatment (Fig. 6A). As expected, treatment of chronically
nfected MDMs with AZT did not markedly affect viral
ntigen release from donor cells (Fig. 6A). AZT treatment
lso did not dramatically alter cell proliferation of PBLs,
s determined by [3H]thymidine incorporation (data not
hown). Together, these results show that cell-to-cell
ransmission of HIV infection is rapid and involves de
ovo reverse transcription.
omparison of cell-to-cell and cell-free viral infections
We then compared the efficiency of the cell-to-cell and
ell-free virus transmission routes using PHA-stimulated
FIG. 5. HIV DNA appears rapidly after cell-to-cell transmission and
ncreases with time in culture. MDMs were isolated, infected with HIV
al, and mixed with uninfected PBLs, as described in Materials and
ethods. After coincubation, nonadherent PBLs were removed and
nalysed at the indicated time points postmixing. (A) DNA by PCR. 02
ndicates immediately after addition of recipients; 01, after 2-h coin-
ubation; UN, uninfected, 72 h postmixing; 1, 2ve PCR control; and 2–5,
CR copy number controls as described in Fig. 2. Mock mixed controls
ot shown. (B) Quantification of viral DNA. Results shown in A were
uantified using a Molecular Dynamics Computing Densitometer and
he Imagequant v3.22 software. Values are expressed relative to b-glo-
in.easured at early (0 and 24 h) and later (7 days) time
oints. Results given (Figs. 2–4) and in Fig. 7 indicate that
ell-to-cell transmission was more efficient than that
een using cell-free virus harvested from an equivalent
umber of donor cells over 2 h, as shown by higher
evels of viral antigen (Fig. 7A) and more rapid accumu-
ation of viral DNA (Fig. 7B). The exact level of infectious
ell-free virus in the 2-h supernatant was unknown, so
iral replication after cell-to-cell transmission was also
ompared with a cell-free infection at 0.1 TCID50/cell.
ased on p24 content, this was an estimated 100- to
00-fold higher cell-free viral challenge than that using
he 2-h supernatant. Results again indicate more rapid
ppearance and accumulation of viral antigen (Fig. 7A)
nd DNA (Fig. 7B) after cell mixing than that seen when
hallenged with 0.1 TCID50/cell of cell-free virus. Thus the
irst round of replication and accumulation and produc-
ion of HIV is more rapid after cell-to-cell than cell-free
nfection, even when using an input level of cell-free virus
00 to 500 times higher than that corresponding to virus
roduction during the period of cell–cell contact.
DISCUSSION
We have described an in vitro cell model to investigate
ell-to-cell transmission of HIV that is likely to be relevant
o in vivo processes. Our laboratory and others have
reviously investigated cell-to-cell transmission using T
ell lines (Li and Burrell., 1992; Sato et al., 1992). These
tudies provide basic information on viral replication but
ay not accurately reflect some in vivo situations. In
ther reports, dendritic cells pulsed with virus were used
s donor cells giving rise to syncytia formation between
onor and recipient PBLs (Cameron et al., 1992; Pope et
l., 1994, Tsunetsugu-Yokota et al., 1995). The experimen-
al design used in this study is similar to that used by
ann et al. (1990), whereas other models with macro-
hages have used cell lines or T-tropic HIV strains
Crowe et al., 1990; St. Luce et al., 1993). In contrast to
ann et al. (1990), we have formally validated our model
nd showed cell-to-cell transmission requiring cell con-
act under well defined experimental conditions. Our
ystem differs from others in that it uses primary cells a
-tropic HIV strain, and does not induce syncytia or a
ytopathic effect in recipient cells. The use of adherent
nfected donor and nonadherent recipient cells poten-
ially allows an independent analysis of both cell types
fter cell–cell interaction and minimises the input of the
nfected donor cells in the analysis of viral transfer.
hese properties, and the importance of macrophages
s “donors” in initial (Cafruny and Bradley, 1996; Phillips
t al., 1998), early (Zhu et al., 1993; Schuitemaker, 1994),
nd late (Orenstein et al., 1997) stages of HIV infection
ake this model useful and amenable for investigation of
he characteristics of cell-to-cell HIV transmission in a
elevant primary setting.
s
l
p
c
r
a
a
t
c
s
t
c
c
t
n
D
t
t
t
v
s
i
a
f
i
p
c
s
p
1
m
c
b
324 CARR ET AL.In this study, we have shown that cell–cell transmis-
ion occurs from HIV-infected MDMs to CD31 PBLs. The
ack of transmission using a transwell device, which
revents direct cell–cell interactions but not passage of
ell-free virus, indicated that direct cell–cell contact is
equired for optimal transmission. Controls using equiv-
lent cell-free virus, harvested from donor MDMs during
preincubation period or mixed with supernatant ob-
ained from MDMs after the incubation period (to ac-
ount for donor cells/debris detaching from the plate),
howed some viral replication but at levels much lower
han when cell mixing was allowed. This suggests some
ontribution of cell-free infection or carryover of donor
ells/cell debris in our system. Procedures to minimise
hese contributing artifacts were investigated in prelimi-
ary experiments to establish the cell-mixing system.
FIG. 6. AZT inhibits cell-to-cell transmission of HIV. PHA-stimulated
M AZT. (A) 72-h supernatant antigen (p24). Donor MDMs antigen relea
ontrol; 2–5, PCR copy number controls, as described in Fig. 2. Mock mi
lood donors.Nase pretreatment of donor cells dramatically reduced
he contribution of detaching cell/debris and was rou-
inely incorporated into procedures, whereas trypsin pre-
reatment to reduce potential contribution from cell-free
irus had minimal effect and was not routinely used. In
eparate experiments with cells derived from different
ndividuals, the levels of contribution from cell-free virus
nd donor/debris carryover varied, illustrating the need
or rigorous monitoring of these controls. However, viral
nfection due to these factors was always minor com-
ared with the level of infection produced after cell–cell
ontact.
Our infected donor MDMs contained internal virus
tores and some cell-associated virus, as has been
reviously reported for monocytes (Orenstein et al.,
988). Washing and preincubation of infected donor
nt cells and HIV-infected donor MDMs were incubated overnight 610
uantified per 105 cells over 2 h. (B) DNA by PCR. 1 indicates 2ve PCR
trols not shown. Experiments were duplicated with cells from differentrecipie
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325CELL–CELL HIV TRANSMISSION FROM MACROPHAGESells, as for cell-mixing procedures, had little effect on
he small amount of virus seen on the cell surface by
M, indicating a tight association of cell-surface virus.
ell contact has been shown to induce localisation of
irus at points of cell interaction (Pearce-Pratt et al.,
994; Phillips, 1994; Fais et al., 1995). However, by EM
nalysis, we saw no evidence for specific localisation
f virus, either in vacuoles or at the cell surface, at
oints of cell contact. EM examination showed areas
f intimate interaction between donor and recipient
ells with regions of alignment and contact between
onor and recipient cell membranes, as has previ-
usly been reported between macrophages and lym-
FIG. 7. Cell-to-cell transmission of HIV is more efficient than cell-free
DMs or challenged with “equivalent cell-free” or 0.1 TCID50/cell cell-
nalysed at the indicated time points postmixing for viral replication. (A)
.1, 0.1 TCID50/cell (cell free); and 1–4, PCR copy number controls as de
onors. Comparison of cell-to-cell and cell-free infection was performehocytes (Schoenberg et al., 1964). However, PBLs
sed as recipients in this study did not form syncytia.
herefore, in this model, cell-to-cell transmission is
ediated by cell contact, perhaps involving transfer
rom intracellular virus stores or presentation of tightly
ell-associated virus to recipients.
In our cell-to-cell transmission model, prestimulation
f PBLs with PHA or IL-2 was not required for infection in
ither allogeneic or autologous cell mixing experiments,
lthough transmission and replication were more effi-
ient in stimulated cells. In contrast, stimulation was
equired for efficient infection by the cell-free route.
ther studies have shown that HIV enters but replicates
n. Uninfected PHA-stimulated PBLs were mixed with HIV Bal-infected
V Bal, as described in Materials and Methods. Recipient cells were
atant antigen (p24). (B) DNA by PCR. CF indicates cell-free equivalent;
in Fig. 2. Experiments were duplicated with cells from different blood
PBLs from the same blood donor.infectio
free HI
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326 CARR ET AL.t al., 1990, 1992; Tang et al., 1995; Spina et al., 1995;
orin and Zack, 1998). Measurements of DNA synthesis
ndicate that our unstimulated PBLs isolated from blood
re not truly quiescent and have low levels of DNA
ynthesis. However, unstimulated PBMC in previous
tudies (Gowda, 1989) have been shown not to support
ell-free HIV infection, and this was also the case in the
utologous system in the present study. Using T cell line
odels, cell-to-cell transmission of HIV infection to and
ubsequent viral replication in unstimulated PBMCs
ave also been shown to be more efficient than cell-free
nfection (Li and Burrell, 1992). Additionally, cell-to-cell
ransmission is more efficient in stimulated than in un-
timulated PBMCs (Li and Burrell, 1992). Experiments in
endritic cells show more efficient viral transmission
uring antigen presentation (Tsunetsugu-Yokota et al.,
995; Cameron et al., 1996) or using autologous recipi-
nts in the presence of cytokines (Weissman et al., 1996).
hus the better viral transmission and replication in stim-
lated than unstimulated cells and a requirement for
timulation for cell-free but not cell-to-cell HIV infection
een in our MDMs system parallel effects seen with
ther cell models. These results suggest a facilitative
ole of cell–cell interactions for viral transmission and
eplication, perhaps by providing necessary stimuli to
ecipient cells. This may imply that in vivo, interaction
etween resting T cells and HIV-infected macrophages
ay lead to T cell activation, enhancing subsequent
ell-to-cell HIV transmission and replication in the recip-
ent T cell. Lymphocyte activation induced by infected
acrophages has also been suggested in the simian
mmunodeficiency virus PBj macaque model (Hirsch et
l., 1998).
After cell mixing, viral DNA is synthesised in recipient
ells within 0–24 h and levels further increase by 72 h.
lthough the levels of viral DNA in samples taken imme-
iately after mixing and after 2-h coincubation are simi-
ar, the inhibition by AZT at 0 h postmixing indicates
ome viral replication during the coincubation period.
he inhibition of the synthesis of viral DNA by AZT at
arly time points (0, 5, and 24 h postmixing) illustrates
apid reverse transcription and a requirement for de novo
iral DNA synthesis for cell-to-cell infection. The detec-
ion of viral DNA present immediately after mixing and
ot inhibitable by AZT probably represents donor contri-
ution to the nonadherent fraction, as discussed previ-
usly. The early synthesis of viral DNA (0–5 h) and a
equirement for reverse transcription is similar to the
apid kinetics (2–4 h after coculture) of reverse tran-
criptase-dependent HIV replication seen with cell-to-
ell HIV transmission in T cell line models (Li et al., 1992;
arageorgos et al., 1995).
In cell-mixing experiments, a cell-free virus inocu-
um control was performed by incubating recipients
ith viral supernatant obtained from the preincubation
eriod. This challenge should approximate the amountiral replication after cell-to-cell transmission was
ore efficient than infection with this “equivalent cell-
ree viral challenge.” The production and accumulation
f HIV DNA and protein were also more rapid after
ell-to-cell transmission than infection with 0.1 TCID50/
ell of cell-free virus. This 0.1 TCID50/cell cell-free dose
as estimated, based on p24 content, to be 100- to
00-fold higher than the “equivalent cell-free viral chal-
enge.” Infectivity should be further increased by the
entrifugal enhancement method used for cell-free
nfection (Pietroboni et al., 1989). Thus cell-to-cell
ransmission is an efficient way of enhancing the in-
ectivity of HIV that may relate to the optimal presen-
ation of virus or be due to accessory stimuli provided
uring the cell-to-cell interaction, as discussed above,
r to lymphocyte-induced macrophage activation as
escribed by Schrier et al. (1993). More efficient trans-
er of virus by cell–cell contact than with cell-free
hallenge is also reported in T cell line models (Li and
urrell, 1992, Sato et al., 1992; Dimitrov et al., 1993)
nd with dendritic cells (Cameron et al., 1992; Pope et
l., 1994).
In summary, we established a useful model of cell-to-
ell transmission from HIV-infected MDMs to PBLs. This
odel uses primary cells, a M-tropic HIV strain with no
yncytia formation during cell-to-cell viral infection. All
hese characteristics are relevant to HIV infection in vivo.
ell-to-cell transmission of HIV infection requires re-
erse transcription, occurs rapidly, does not require pre-
timulation of recipient cells, but is more efficient in
timulated recipients. This model again illustrates that
ell-to-cell HIV infection is more efficient than cell-free
nfection. Future experiments should investigate the
echanisms of transfer, cell-surface molecules required
or cell-to-cell transmission and the consequences of the
ell–cell interaction, such as the induction of apoptosis
r activation of recipient cells. Our cell-to-cell transmis-
ion model may have in vivo implications for transmis-
ion of HIV from macrophages to resting T cells without
ell fusion: a functional interaction that leaves both cells
ndependently viable and infected.
MATERIALS AND METHODS
solation and culture of MDMs and PBLs
MDMs and monocyte-depleted PBLs were isolated
rom buffy coat blood packs from healthy donors kindly
rovided by the Australian Red Cross Blood Bank.
BMCs were isolated by density gradient centrifugation
Lymphoprep, Nycomed Pharma, Oslo, Norway), and
onocytes were selected by adherence to tissue culture
lasticware. Adherent cells were vigorously washed with
arm Hanks’ balanced salt solution supplemented with
alcium and magnesium (GIBCO BRL, Gaithersburg,
D). Nonadherent cells were either further depleted of
onocytes by a second round of adherence to generate
PBLs or subjected to centrifugal elutriation (Stevenson,
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PBLs from a single donor were stored in liquid nitro-
en in RPMI plus 50% (v/v) FCS plus 1% (v/v) dimethyl
ulfoxide before culture in RPMI plus 10% (v/v) FCS with
r without 10 mg/ml PHA (Sigma Chemical Co., St. Louis,
O) for 3 days before cell mixing.
Adherent cells (MDMs) were cultured in DMEM plus
0% (v/v) FCS plus 7.5% (v/v) human serum (MDM me-
ium). MDMs from two to four individual blood donors
ere combined for an allogeneic system or cultured
eparately for an autologous system. At day 4–5 post-
solation, MDMs were detached by gentle scraping in
old Hanks’ balanced salt solution and replated before
IV infection. Purity of monocyte preparations were as-
essed by Wright-Giemsa staining and CD14 flow cytom-
try. Adherent MDMs were ;80–90% CD141 at the time
f initial infection and, before use as viral donor cells,
ere further purified by detachment and readherence as
art of the cell-to-cell infection protocol (see below).
irus stocks and cell-free HIV infection of MDMs
nd PBLs
HIV Bal stocks were amplified in PBMCs, and the
acrophage tropism was maintained by passage in
DMs. Viral TCID50 titres were determined in MDMs.
dherent MDMs (;1 3 106/ml) were infected with HIV
al at 0.05 TCID50/cell overnight at 37°C. Cells were
aintained until day 5–7 postinfection, detached, and
eplated in 12-well plates at 2 3 105 cells/well. These
eadherent HIV-infected MDMs were used as viral donor
ells in cell-to-cell infections. Cell-free infection of PBLs
t 0.1 TCID50/cell was performed by centrifugal enhance-
ent (Pietroboni et al., 1989).
ell-to-cell HIV infection of PBLs
HIV-infected adherent donor MDMs were used at day
–10 postinfection. Before mixing, the donor cells were
retreated overnight at 37°C with 5 mg/ml DNase I
Sigma). On the day of cell mixing, the supernatant was
emoved, and adherent cells were washed three times
ith warm serum-free medium and then preincubated in
arm MDM medium for 2 h at 37°C. Supernatant from
he preincubation period was removed, centrifuged, and
sed as an equivalent cell-free challenge in the same
xperiment (cell-free control). The supernatant was also
nalysed for p24 to monitor viral production by the donor
ells. Adherent donor MDMs, 8–10 days postinfection,
roduced ;2–5 ng/ml p24/h/105 cells.
After preincubation, adherent cells were washed three
imes with warm serum-free medium, warm MDM me-
ium added, nonadherent PBLs added at a donor/recip-
ent ratio of 1:5, and the cocultures incubated for an
dditional 2 h at 37°C. Nonadherent cells were then
ently resuspended and removed. The adherent cells
ere washed once with warm serum free medium, andraction. The nonadherent cells were then washed an
dditional three times with PBS, counted, and plated at
3 106 cells/ml in RPMI plus 10% (v/v) FCS plus 20 U/ml
L-2 (Boehringer Mannheim). On days 1, 3, and 5 post-
ixing, PBLs were replated at 1 3 106 cells/ml in fresh
edium. Supernatant and cell samples were taken at
arious time points postmixing.
To control for donor MDMs or cell debris detaching
rom the plate during the incubation or washing steps, a
mock-mixed” sample was prepared as follows. Adherent
iral donor cells were washed and preincubated for 2 h
s described above but no recipient PBLs were added
uring the mock mixing period. After the mock mixing
eriod, the supernatant was removed, and PBLs added
o the mock mix supernatant were washed and plated as
n normal cell-mixing experiments. Cell-free virus con-
rols were set up by adding PBLs to the supernatant
ollected from the preincubation period. After a 2-h in-
ubation, cell-free control samples were washed and
lated as described above.
For AZT inhibition studies, adherent HIV-infected
DMs and nonadherent recipient PBLs were pretreated
vernight with 10 mM AZT (Sigma) before cell mixing. The
ame concentration of antiviral drug was maintained
uring the cell mix and postmixing culture of nonadher-
nt cells.
ell proliferation assay
Cell proliferation was assessed by [3H]thymidine in-
orporation assay. Cells were incubated at 5 3 105/ml in
PMI plus 10% (v/v) FCS with 3 mCi/ml [methyl-3H]thymi-
ine (Amersham Life Science, Buckinghamshire, UK)
vernight at 37°C. Cells were harvested, washed, and
ysed with 0.5% (v/v) Triton X-100. Lysates were vacuum
iltered onto glassfibre filters (Whatman International
td., Maidstone, UK), washed serially with 10% (w/v)
richloroacetic acid, 5% (w/v) trichloroacetic acid, 100%
v/v) ethanol, and 70% (v/v) ethanol; air dried; and
ounted (Tricarb liquid scintillation counter, 1900TR;
ackard Instrument Company, Meriden, CT).
M
MDMs were infected and at day 7 postinfection
eplated at 2 3 105 cells/well in a 16-well chamber
lide (Nunc Inc., Naperville, IL). Cells were main-
ained, as above, for an additional 2 weeks with twice-
eekly medium change. Samples were fixed without
ashing or mixing, washed only, or washed and mixed
ith PHA-stimulated PBLs as described above. All
amples were then fixed in 2.5% (v/v) glutaraldehyde in
.05 M cacodylate, pH 7.4; detached from slides; em-
edded; and examined, as described previously (Li et
l., 1994).
Isolation of CD3 cells using dynabeads
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328 CARR ET AL.Immediately after mixing, T lymphocytes were posi-
ively isolated from the nonadherent population using
agnetic dynabeads coated with a monoclonal antibody
pecific for the CD3 antigen (M-450 CD3; Dynal, Oslo,
orway). Anti-CD3 dynabeads were prewashed with
BS plus 0.1% (w/v) BSA and added directly to the non-
dherent cell sample at a ratio of 4:1 (beads/cell) and a
inal concentration of dynabeads of 107/ml in PBS. The
ynabead–cell mix was incubated for 10 min at 4°C with
entle tilt rotation. The beads were removed from sus-
ension using a dynal MPC magnet, washed three times
ith PBS, resuspended in RPMI plus 10% (v/v) FCS plus
0 U/ml IL-2, and left overnight at 37°C to allow the
elected cells to detach from the dynabeads. Detached
D31 cells were washed with PBS, lysed for total DNA
xtraction, and subjected to PCR for HIV gag and b-glo-
in, as described below.
iral antigen analysis
Viral antigen was detected in supernatant samples by
24 ELISA (DuPont-New England Nuclear, Boston, MA).
ntracellular p24 was detected by immunofluoresence
sing a p24 monoclonal antibody (DAKO, Carpinteria,
A) and an anti-mouse IgG Fc-specific-FITC conjugate
Sigma), and infected cells were then visualised by fluo-
escent microscopy. Infected cells were also analysed by
low cytometry using heat-inactivated AIDS patient sera
nd an anti-human IgG-FITC conjugate (Silenus Labora-
ories, Hawthorn, Victoria, Australia), with uninfected
ells similarly stained and gated as negative controls.
otal DNA extraction and PCR
At the indicated time points, 2 3 105 cells were har-
ested, washed, and resuspended at 107/ml in 50 mM
Cl, 10 mM Tris, pH 8.3, 1.5 mM MgCl2, 0.5% (v/v) Triton
-100, and 0.2 mg/ml proteinase K. The preparations
ere incubated at 56°C for 1 h and then at 95°C for 10
in to generate a total DNA extract. PCR primers for HIV
ag (gaggaagctgcagaatggg and ctgtgaagcttgctcggctc;
tarting at nucleotides 1407 and 1721, respectively, of
enBank accession number K03455) or b-globin, (gaa-
agccaaggacaggtac and caacttcatccacgttcacc; starting
t nucleotides 671 and 938, respectively, of GenBank
ccession number L26462) were added to 3 or 1 3 104
ell equivalents of the above extracts; the reactions were
nnealed at 58°C and amplified for 27 or 23 cycles,
espectively. One fourth of each reaction mix was anal-
sed on 8% (w/v) acrylamide and 0.2% (w/v) bisacryl-
mide gels followed by Southern transfer of PCR prod-
cts and specific detection of products with a 32P-labeled
nternal probe. Results were visualised by autoradiogra-
hy. Viral DNA copy number controls tested in parallel
onsisted of known copies of proviral DNA from the
hronically infected T cell line H3B (Li and Burrell, 1992),
iluted in uninfected DNA from 1–3 3 104 cells.We wish to thank Peter Smith for the excellent quality and detailed
M analysis; Alice Stephenson, Julie Calvert, and Linda Mundy for p24
ssays and for extraction of PBMCs; and the Australian Red Cross for
he donation of blood. We also thank Claudine Bonder and Gillian
aughley for assistance with establishing monocyte elutriation tech-
iques. This work was supported by the Australian Commonwealth
IDS Research Grant Program.
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